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These  conversion  factors  Include  all  the  significant  digits  given  In  the 
version  tables  In  the  ASTM  Metric  Practice  Guide  (E  380),  which  has  been 
proved  for  use  by  the  Departaent  of  Defense.  Converted  values  should  be 
rounded  to  have  the  saae  precision  as  the  original  (see  E  380). 
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SECONDARY  STRESSES  WITHIN  THE  STRUCTURAL  FRAME  OF  DYE-3:  1978-1983 

by 

H.  Ueda,  W.  Toblasson,  D.  Fisk,  D.  Keller  and  C.  Korhonen 

INTRODUCTION 

The  primary  loads  to  which  a  structural  system  is  subjected  consist  of 
dead  loads  such  as  its  own  weight,  live  loads  from  equipment  and  personnel, 
and  imposed  loads  such  as  those  caused  by  wind  or  snow.  In  addition,  secon¬ 
dary  loads  can  be  Introduced  into  a  structural  system,  creating  secondary 
stresses  within  its  members.  This  can  happen  during  construction  as  a  result 
of  Imperfect  fits,  for  example,  or  after,  when  supports  settle  differential¬ 
ly,  move  laterally  or  tilt.  When  a  large  structure  such  as  DEW  Line  Ice  Cap 
Station  DYE-3  is  founded  on  snow,  the  development  of  secondary  stresses  is 
inevitable  and  the  magnitudes  of  these  stresses  can  become  critical. 

In  1977,  because  of  large  secondary  stresses  within  its  structural  frame 
and  excessive  distortions  of  portions  of  its  substructure,  DYE-3  was  moved 
sideways  210  ft  onto  new  footings  (Toblasson  1978).  The  following  summer  the 
building  was  raised  27  ft.  Another  lift  in  1984,  along  with  additions  to  the 
truss  system,  will  complete  the  program  started  in  1977  to  extend  the  useful 
life  of  the  station  to  1990. 

During  the  fall  of  1978,  CRREL  personnel  made  initial  measurements  of 
the  forces  within  the  structural  frame.  Subsequent  measurements  were  made  in 
1981,  1982  and  1983  as  part  of  the  structural  performance  monitoring  program 
that  CRREL  has  been  conducting  for  the  U.S.  Air  Force  since  1973  (Toblasson 
and  Ueda  1972,  Toblasson  et  al.  1974). 

TECHNIQUE 

Figure  1  shows  the  location  of  DYE-3  in  Greenland.  Exterior  views  of 
DYE-3  are  shown  in  Figure  2;  elevation  and  plan  views  of  the  DYE-3  structural 
system  are  shown  in  Figure  3.  A  detail  of  the  trusses  and  collars  at  column 
N1  is  shown  in  Figure  4.  The  2600-ton  building  is  supported  by  eight  columns 
and  can  be  leveled  and  raised  by  hydraulic  lifts  located  at  each  column  on 
the  second  floor  where  the  building  hangs  from  6-in. -diameter  threaded  rods. 
The  two  80-ton  truss  networks  are  Independent  of  the  building.  They  rest  on 


b.  From  the  southwest 


Figure  2  (cont'd). 


a.  Elevation  cross  section. 
Figure  3.  DYE-3  structural  system. 
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b.  Plan  view  showing  footing, 
column  and  truss  layout. 


Figure  3  (cont’d).  DYE-3  structural  system. 


Figure  4.  Three  collars  at  each 
column  transfer  lateral  loads  be¬ 
tween  the  trusses  and  the  columns 
(1  -  level  1  collar,  2  -  level  2 
collar,  3  -  level  3  collar). 


steel  beans  and  channels  attached  to  the  columns  (Fig.  5).  To  permit  period¬ 
ic  lifting  and  leveling  of  the  trusses,  they  are  not  connected  to  the  columns 
In  a  conventional  manner;  instead,  a  rectangular  collar  surrounds  the  column 
at  each  connection  point  and  sway  bolts  (Fig.  5)  that  act  as  set  screws 
transmit  lateral  loads  between  the  collar  and  the  column. 

There  are  12  large  sway  bolts  at  each  collar  (Fig.  6)  and  there  are 
three  collars  at  each  column.  They  are  designated  levels  1,  2  and  3  as  shown 


L  @ 


Figure  3.  Truss  support  points  and  collar  assembly 
(1  -  collar,  2  -  channel  that  supports  truss,  3  - 
sway  bolt  [1  of  12  at  each  collar],  4  -  beams  that 
support  truss,  5  -  column  half). 


Truss  Col  lor  - 


Figure  6.  Plan  view  of  typical  truss  collar  and  column 
showing  the  12  sway  bolts. 


Figure  7.  Loosening  an  unloaded  sway  bolt. 


in  Figure  3a.  The  sway  bolts  located  on  the  first  floor  of  the  building  are 
also  arranged  as  shown  in  Figure  6. 

Details  of  how  the  sway  bolts  are  checked  are  described  by  Tobiasson  et 
al.  (1974).  Initially,  the  tester  places  a  wrench  on  each  bolt.  Those  bolts 
that  are  easily  turned  (i.e.,  those  sustaining  little  or  no  load)  are  backed 
off  (Fig.  7).  Working  with  one  loaded  sway  bolt  at  a  time,  the  tester  then 
places  a  hydraulic  ram  alongside  the  loaded  sway  bolt  (Fig.  8).  Before  the 
tester  backs  off  a  loaded  sway  bolt,  a  dial  extensometer  is  placed  on  the  op¬ 
posite  side  of  the  column  to  monitor  the  relative  movement  between  the  column 
and  the  collar  (Fig.  9).  Pressure  is  increased  in  the  ram  until  the  loaded 
sway  bolt  is  unloaded.  The  now  unloaded  bolt  is  backed  off  (Fig.  10)  and  hy¬ 
draulic  pressure  on  the  ram  is  then  slowly  released  until  the  system  is  re¬ 
turned  to  its  original  position  as  indicated  by  the  dial  extensometer.  The 
hydraulic  pressure  recorded  at  this  time  is  considered  to  represent  the  sway 
bolt  load.  Finally,  the  load  is  transferred  from  the  ram  back  to  the  bolt 
and  the  system  is  returned  to  its  original  position,  within  0.001  in.  In 
this  fashion  the  lateral  interacting  loads  between  the  building  and  columns 
and  the  trusses  and  columns  is  determined. 

Sway  bolt  measurements  taken  in  1978,  1981,  1982  and  1983  as  well  as 
column  bending  moments  determined  from  these  measurements  are  presented  in 


Figure  10.  Backing  off  the  "loaded"  sway  bolt  once  its 
load  has  been  transferred  to  the  ram. 

Appendix  A.  Using  these  data,  and  equilibrium  considerations,  we  have 
calculated  column  bending  moments  and  stresses  in  two  perpendicular 
directions.  To  determine  axial  compressive  stresses,  we  used  column  load 
measurements  made  by  the  contractor  (Danish  Arctic  Contractors)  during  the 
building  lift  in  1978. 

The  allowable  stress  for  a  column  under  combined  axial  compression  and 
bending  is  defined  in  the  American  Institute  of  Steel  Construction  (1980) 
Manual  of  Steel  Construction  as  follows: 

^a  ^bx  ^by 

Fa  +  Fb  +  Fb  1  1*°  U) 

where 

2 

fa  =  axial  stress  (lb/in.  ) 

2 

fbx  ■  bending  stress  in  the  x-direction  (lb/in.  ) 
fby  =  bending  stress  in  the  y-direction  (lb/in.  ) 

Fa  =  axial  stress  permitted  if  no  bending  stresses  exist  (lb/in.  ) 

Fb  *  bending  stress  permitted  if  no  axial  stresses  exist 
(lb/in.2). 

This  dimensionless  equation  applies  only  when  the  axial  stress  is  15%  or 
leas  of  the  maximum  allowable  axial  stress  with  no  bending  present  (i.e.  , 
when  fa/Fa  <  0.15). 


The  column  is  considered  overstressed  whenever  the  combined  stress  fac¬ 
tor  exceeds  1*0.  Before  DYE-3  was  moved  in  1977,  combined  stress  factors  as 
high  as  2.3  were  present  in  some  portions  of  the  columns.  Stress  factor  cal¬ 
culations  are  also  presented  in  Appendix  A. 


MEASUREMENT  DIFFICULTIES 

In  1978,  13  sway  bolts 
could  not  be  backed  off  be¬ 
cause  of  Interfering  bolt  or 
rivet  heads  that  made  it  im¬ 
possible  to  turn  them,  and 
their  loads  had  to  be  deter¬ 
mined  usiug  a  load -displace¬ 
ment  technique  (Tobiasson  and 
Ueda  1974).  The  technique 
consists  of  measuring  the  load 
at  various  displacements  and 
using  the  plot  of  this  rela¬ 
tionship  to  estimate  the  zero 
displacement  load.  A  typical  determination  is  shown  in  Figure  11.  In  that 
example,  the  sway  bolt  load  is  considered  to  be  8.4  kips.  In  1981,  all  of 
the  interferences  were  successfully  removed,  thereby  simplifying  the  meas¬ 
urement  process  considerably  and  increasing  measurement  accuracy. 

The  truss  network  consists  of  two  major  framed  assemblies,  each  encom¬ 
passing  four  columns  as  shown  in  Figure  3.  Three  collars  transfer  the  later¬ 
al  truss  load  to  each  column  (Fig.  4).  The  two  major  assemblies  weigh  ap¬ 
proximately  160  kips  each.  As  shown  in  Figure  5,  they  are  supported  on  chan¬ 
nels  and  beams  attached  to  each  column  below  the  level-3  collar.  Friction  at 
these  supports  makes  it  difficult  to  isolate  and  measure  sway  bolt  loads  for 
the  level-3  collars.  We  estimate  that  the  friction  force  effects  on  a  collar 
could  be  as  high  as  25  kips. 

In  1981,  an  attempt  was  made  to  reduce  friction  there  during  sway  bolt 
readings  by  supporting  the  four  corners  of  each  level-3  collar  on  friction- 
reducing  roller  devices  (Fig.  12  and  13)  designed  by  Ueda  and  Tobiasson.  Un¬ 
fortunately,  the  center  portion  of  each  level-3  collar,  which  rests  on  tw> 
beams  (Fig.  5),  did  not  lift  when  the  rollers  were  inserted  at  the  four  cor- 


Figure  11.  Typical  load-displacement  curve 
for  a  sway  bolt  that  could  not  be  backed 
off. 


ners  because  of  high  flexibility  in 
the  collar  assembly;  therefore,  con¬ 
siderable  frictional  resistance  was 
still  present  between  the  column 
halves. 

Two  sets  of  level-3  sway  bolt 
readings  are  presented  in  Appendix  A, 
1981  Measurements,  one  with  and  one 


without  the  rollers  installed.  The 
rollers  did  not  change  level-3  sway 
bolt  loads  much.  An  unsuccessful  at¬ 
tempt  was  made  in  1982  to  insert  Tef¬ 
lon  sheets  between  all  bearing  sur¬ 
faces  of  the  level-3  collars,  but 


Elastic  Seal 


Truss  Support  Channel 


Figure  12.  Cross  section  of 
friction-reducing  roller  devices. 


again  the  center  portion  of  the  col-  6 

lars  could  not  be  lifted.  Consequently,  loads  measured  on  the  level-3  col¬ 
lars  are  only  a  rough  indication  of  the  actual  loads  there.  Level-1  and  lev¬ 
el-2  collar  loads  were  measured  more  accurately.  When  the  building  and  trus¬ 
ses  are  raised  in  1984,  low-friction  bearing  surfaces  will  be  provided  for 
the  truss  system.  Teflon  and  stainless  steel  sheets  will  be  inserted  between 
the  contact  surfaces  at  these  points,  using  a  design  developed  cooperatively 


by  CRREL  and  Danish-American  contractors.  This  should  reduce  friction  by 
about  90%. 

DISCUSSION  OF  RESULTS 

Free-body  diagrams  of  each  column  and  the  connecting  trusses  are  pre¬ 
sented  in  Appendix  B.  The  free-body  diagrams  of  the  trusses  assume  simple, 
two-dimensional  plane  configurations.  In  reality  the  connecting  trusses  form 
two  three-dimensional  truss  assemblies  (Fig.  3b),  each  of  which  encompasses 
four  columns. 

A  summation  of  the  forces  on  the  truss  free-body  diagrams  indicates 
that  they  are  not  in  equilibrium,  i.e. ,  the  loads  imposed  on  the  trusses  do 
not  sum  to  zero;  there  are  unbalanced  loads.  When  the  three-dimensional  na¬ 
ture  of  the  trusses  is  considered,  the  imbalance  is  reduced,  but  it  is  not 
eliminated.  Some  of  the  factors  contributing  to  this  measured  imbalance  are 
1)  the  assumption  in  the  truss  free-body  diagrams  of  a  simple,  two-dimension¬ 
al  plane  configuration,  2)  the  portion  of  the  load  not  measureable  because  of 
the  friction  at  the  level-3  collar  discussed  earlier,  3)  the  degree  of  accur¬ 
acy  of  our  measuring  technique,  and  4)  the  building  wind  loads  during  a  force 
measurement.  We  considered  factors  3  and  4  to  be  minor;  factor  1  may  explain 
some  of  the  unbalanced  load,  but  we  believe  factor  2  (friction)  to  be  the 
largest  contributor  to  the  imbalance.  Examination  of  Appendix  B  Indicates 
that  significant  imbalances  exist  that  make  it  difficult  to  accurately  define 
the  secondary  stresses  in  the  structure.  Once  frictional  resistance  is  es¬ 
sentially  eliminated  at  the  level-3  collars,  a  far  better  understanding  of 
the  secondary  stresses  in  the  DYE-3  structural  frame  should  be  possible.  As 
discussed  earlier,  efforts  will  be  made  during  the  next  scheduled  lifting  op¬ 
eration  in  1984  to  reduce  friction  at  all  truss  support  points* 

Imbalances  also  exist  on  the  building  (Table  1),  but  they  cannot  be 
blamed  on  truss  friction.  We  believe  lateral  resistance  between  the  columns 
and  the  building  on  the  second  floor,  where  the  building  hangs  from  the  col¬ 
umns  on  6-in. -diameter  rods,  explains  most  of  the  building  imbalance.  A 
tilted  building  may  also  contribute  to  the  imbalance. 

Friction  problems  notwithstanding,  there  was  a  significant  increase  and 
change  in  direction  of  some  of  the  collar  loads  from  1978  to  1981  (compare 
Fig.  B1  and  B2).  We  anticipated  changes  because  the  1978  measurements  were 
made  Immediately  after  the  building  had  been  raised  and  many  of  the  lateral 
loads  then  should  have  been  relatively  low.  However,  the  magnitude  of  some 


Across  column  rows* 


35.0 


34.9 


42.7 


34.2 


Along  column  rows**  13.4  18.9  13.9  28.5 


*A11  are  In  the  A  to  N  direction  (see  Fig.  2b). 

**A11  are  in  the  column  4  to  column  1  direction  (see  Fig.  2b). 

of  the  changes  surprised  us.  One  building  level  load  at  column  N2  changed 
from  3.0  kips  in  one  direction  in  1978  to  49.7  kips  in  the  opposite  direc¬ 
tion  in  1981.  By  1982,  the  same  load  increased  further  to  65.0  kips.  In 
1983,  the  load  was  89.9  kips. 

In  1978,  no  collar  load  exceeded  50  kips.  In  1981,  12  loads  exceeded 
50  kips  with  two  of  these  over  100  kips.  In  1982,  14  loads  exceeded  50 
kips  with  four  of  these  over  100  kips.  In  1983,  18  loads  exceeded  50  kips 
with  four  exceeding  100  kips.  Of  the  loads  exceeding  100  kips,  three  of 
the  four  were  at  the  same  position  in  1982  and  1983. 

Before  taking  readings  in  1983,  we  reduced  the  load  on  several  highly 
loaded  sway  bolts  with  the  objective  of  reducing  stress  concentrations  in 
the  structural  frame.  Had  we  not  done  this,  we  expect  even  more  sway  bolts 
would  have  had  loads  exceeding  50  kips  in  1983.  The  combined  stress  fac¬ 
tors  calculated  for  the  lower  end  of  the  columns  from  the  four  surveys  are 
summarized  in  Table  2.  These  factors  have  been  determined  from  eq  1.  The 
bending  moments  are  calculated  from  the  measured  forces  and  it  is  assumed 
that  one-half  of  the  moment  on  each  full  column  is  carried  by  each  column 

Table  2.  Combined  stress  factors  at  the  base 
of  each  column. 


Column 

1978 

1981* 

1981 

1982 

1983 

A1 

0.25 

0.45 

0.43 

0.66 

0.79 

A2 

0.34 

0.55 

0.54 

0.78 

0.59 

A3 

0.68 

0.37 

0.43 

0.33 

1.00 

A4 

0.36 

0.16 

0.16 

0.19 

0.32 

N1 

0.53 

0.55 

0.57 

0.42 

0.64 

N2 

0.35 

0.20 

0.20 

0.32 

0.33 

N3 

0.66 

0.54 

0.53 

0.23 

0.49 

N4 

0.72 

0.21 

0.23 

0.54 

0.41 

Average 

0.38 

0.39 

0.43 

0.57 

half.  It  Is  evident  from  the  measurements  in  Appendix  A  that  the  column 
halves  are  not  sharing  collar  loads  in  most  cases,  but  since  the  column 
halves  are  tied  together  at  several  places  we  expect  that  there  is  some  over¬ 
all  load. 

In  1978  the  average  stress  factor  was  0.49  with  a  high  of  0.72  and  a  low 
of  0.25.  In  1981  both  sets  of  readings,  one  without  the  friction  reducing 
roller  devices  in  place  and  one  with  them  in  place,  resulted  in  considerably 
lower  average  factors  of  0.38  and  0.39.  In  1982,  the  average  factor  in¬ 
creased  to  0.43  with  a  high  of  0.78,  which  was  well  below  the  allowable  value 
of  1.00.  In  1983  the  average  factor  was  0.57  with  a  high  of  1.00  at  column 
A3.  The  jump  at  column  A3  from  0.33  on  1982  to  1.00  in  1983  is  probably  the 
result  of  the  load  adjustments  prior  to  the  1983  measurements.  While  those 
adjustments  reduced  seven  very  high  sway  bolt  loads,  those  loads  were  trans¬ 
ferred  to  other  locations,  and  in  the  case  of  column  A3,  large  bending  mo¬ 
ments  were  generated  at  its  base.  We  are  convinced  that  the  load  adjustments 
were  needed  but  it  is  obvious  that  in  such  a  highly  indeterminate  structure 
such  as  this,  load  adjustments  pose  potential  risks  as  well  as  benefits. 

The  column  axial  stress  fa  in  eq  1  is  composed  of  the  stresses  created 
by  a  portion  of  the  building  and  truss  weight  and  the  weight  of  the  column 
itself.  It  should  be  noted  that  the  stress  factor,  fa/Fa,  is  0.15  for 
columns  A1  and  A3,  which  is  the  recommended  limit  for  use  of  eq  1  (Table 
A6).  Any  changes  in  building  load  or  addition  of  column  extensions  could 
cause  fa/Fa  to  exceed  0.15,  thereby  limiting  the  usefulness  of  the  equa¬ 
tion. 

High  pinching  and  spreading  loads  (i.e. ,  loads  on  a  column  at  a  collar 
in  opposing  directions)  existed  at  the  building  level  in  1978  (see,  for  exam¬ 
ple,  sway  bolt  loads  at  column  A2 ,  building  level,  in  Figure  Ala).  This  con¬ 
dition  usually  occurs  between  column  halves.  Pinching  and  spreading  loads 
were  also  present  in  1981  and  1982.  In  1983  all  of  the  pinching  loads  were 
eliminated  prior  to  load  measurements. 

Secondary  stresses  are  accumulating  in  the  DYE-3  structural  frame  be¬ 
cause  of  differential  settlement  and  tilt  of  the  footings,  and  horizontal 
distortion  of  the  footing  system  by  lateral  flow  of  the  ice  cap.  Horizontal 
distortion  was  measured  some  years  ago  at  DYE-3  (Flax  et  al.  1971).  Differ¬ 
ential  settlements  and  footing  tilts  measured  since  the  sideways  move  in  1977 
are  presented  in  Figures  14  and  15  respectively. 
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The  settlement  of  DYE-3  relative  to  the  bedrock  over  a  mile  below  is  not 
known,  but  It  probably  amounts  to  a  few  feet  per  year.  Absolute  settlement 
of  this  sort  is  of  no  particular  concern  but  differential  settlement  among 
the  eight  footings  certainly  is.  In  a  highly  indeterminate  structure  such  as 
this,  differential  settlements  can  induce  significant  secondary  stresses  in 
the  structure  frame.  The  settlements  presented  in  Figure  14  are  referenced 
to  footing  A4  since  it  has  settled  less  than  the  other  seven  footings. 

The  largest  differential  settlements  occurred  just  after  the  building 
was  moved.  During  the  past  5  years,  differential  settlement  among  the  foot¬ 
ings  has  reached  0.3  ft.  When  assessing  the  impact  of  differential  settle¬ 
ment,  it  is  important  to  consider  the  distance  between  footings.  For  exam¬ 
ple,  the  0.12  ft  differential  between  footings  A3  and  A4,  which  are  only  45 
ft  apart,  may  induce  greater  secondary  stresses  on  the  A2-A3  truss  and  the 
building  frame  in  that  area  than  the  0.23  ft  differential  between  footings  A4 
and  N4,  which  are  120  ft  apart.  When  the  building  and  trusses  are  raised  in 
1984,  they  will  be  releveled  which,  in  principle  at  least,  removes  all  secon¬ 
dary  stresses  in  the  frame  caused  by  differential  settlement  and  tilt  of  the 
footings. 

Footing  tilt  measurements  are  summarized  in  Figure  15.  For  some  foot¬ 
ings,  1983  tilt  is  about  the  same  as  the  initial  ’’built-in"  tilt.  Footings 
A3,  A4  and  N1  fall  into  this  category.  The  tilt  of  the  other  footings  has 
increased  over  the  past  5  years. 

Do  bending  stresses  in  the  columns  cause  the  footings  to  tilt  or  do  the 
tilting  footings  cause  bending  stresses  in  the  columns?  If  bending  stresses 
caused  the  footings  to  tilt,  their  tilt  would  increase  over  the  years  in  the 
direction  of  the  bending.  Since  this  is  not  generally  the  case,  it  appears 
that  the  tilting  footings  are  inducing  bending  stresses  in  the  columns  and 
other  stresses  in  the  trusses  and  the  building  frame.  The  snow  surface  under 
the  building  is  lower  than  the  surface  surrounding  the  building.  The  extra 
overburden  pressure  surrounding  the  building  tends  to  cause  the  footings  to 
tilt  away  from  the  center  of  the  building.  In  addition,  strength  and  density 
differences  of  the  snow  on  which  the  footings  are  founded  causes  them  to 
tilt.  That  snow  is  far  from  homogeneous  since  it  has  been  pushed  around  and 
built  up  by  operations  in  that  area  since  1959. 

All  CRREL  sway  bolt  measurements  and  stress  calculations  were  furnished 
to  and  studied  by  Metcalf  and  Eddy  engineers  when  the  DYE-3  1984  life  exten- 


sion  design  was  developed.  Computer-assisted  structural  analyses  done  by 
Metcalf  and  Eddy  in  1983  on  the  DYE-3  structure  system  show  that  footing 
tilts  account  for  a  larger  portion  of  the  secondary  stresses  in  the  structur¬ 
al  frame  than  do  differential  settlements. 

When  DYE-3  is  lifted  in  1984,  each  column  base  will  be  shimmed  in  an  ef¬ 
fort  to  uniformly  distribute  its  load  at  the  four  points  where  the  column  at¬ 
taches  to  the  footing.  This  should  eliminate  bending  moments  at  the  base  of 
that  column.  However,  as  other  columns  are  subjected  to  this  procedure  and 
their  bending  moments  are  redistributed,  it  is  expected  that  some  bending 
stresses  will  develop  in  each  column.  It  is  hoped  that  the  net  effect  will 
be  to  reduce  the  overall  level  of  secondary  stress  in  the  structural  frame. 
Subsequent  sway  bolt  measurements  will  determine  if  this  has  been  accom¬ 
plished.  If,  with  time,  secondary  stresses  of  concern  develop  in  the  columns 
because  of  footing  tilt,  the  columns  can  again  be  shimmed,  one  by  one,  where 
they  attach  to  the  footings  to  relieve  bending  stresses. 

SUMMARY  AND  RECOMMENDATIONS 

Sway  bolt  load  measurements  were  made  at  DYE-3  in  1978,  after  completion 
of  the  life  extension  program,  and  again  in  1981,  1982  and  1983.  Significant 
increases  in  loads  have  been  discovered  at  several  locations,  but  accurate 
determination  of  all  interaction  loads  has  not  been  possible  because  of  fric¬ 
tional  resistance  present  where  the  trusses  bear  on  the  columns.  Attempts 
have  been  made  to  reduce  the  friction  there  but  they  have  met  with  only  lim¬ 
ited  success.  Plans  have  been  made  to  support  the  trusses  on  Teflon  and 
stainless  steel  sheets  when  the  building  is  lifted  in  1984.  This  should  re¬ 
duce  friction  by  about  90%.  The  number  of  sway  bolt  loads  beneath  the  build¬ 
ing  that  exceed  50  kips  has  increased  from  none  in  1978  to  14  in  1982  to  18 
in  1983,  with  four  loads  exceeding  100  kips  in  1982  and  1983.  In  1983,  high 
pinching  or  opposing  loads  were  eliminated  at  all  levels. 

The  combined  stress  factor,  which  is  used  to  determine  allowable  column 
stresses  under  combined  bending  and  axial  compression,  dropped  from  an  aver¬ 
age  of  0.48  in  1978  to  0.38  in  1981.  A  column  is  considered  overstressed  if 
the  computed  factor  equals  or  exceeds  1.0.  In  1982,  the  average  increased  to 
0.43  with  a  high  value  of  0.78  at  the  base  of  the  column.  In  1983,  the  aver¬ 
age  increased  to  0.57  with  a  high  value  of  1.00  at  the  base  of  column  A3.  We 
expect  that  localized  overstresses  will  be  present  in  1984  —  a  major  reason 
why  the  life  extension  work  is  needed  in  1984. 


The  measurements  presented  in  this  report  were  used  in  developing  the 
approach  to  the  1984  Life  extension  design  for  DYE-3.  When  the  DYE-3  build¬ 
ing  and  trusses  are  lifted  and  leveled  in  1984,  secondary  stresses  because  of 
differential  settlement  will  be  eliminated.  By  shimming  the  base  of  each 
column  at  that  time,  it  should  be  possible  to  reduce  secondary  stresses 
caused  by  footing  tilt. 

It  has  been  over  6  years  since  DYE-3  was  moved  sideways  onto  a  new  foun¬ 
dation  and  over  5  years  since  the  building  was  raised  27  ft.  Although  secon¬ 
dary  stresses  have  accumulated  in  the  structural  frame,  allowable  stresses 
have  not  been  exceeded  through  1983.  Some  localized  overstress  is  expected 
in  1984  and  it  is  therefore  appropriate  that  the  building  and  trusses  be 
lifted  and  leveled  then.  The  concept  of  using  above-surface  trusses  and 
eliminating  the  problematic  below-surf ace  truss  enclosures  of  previous  de¬ 
signs  has  proven  to  be  highly  satisfactory.  The  life  extension  work  planned 
for  1984  should  significantly  reduce  the  level  of  secondary  stresses  in  the 
DYE-3  structural  frame,  preparing  it  for  several  more  years  of  useful  life  on 
the  ever-distorting  Greenland  Ice  Cap. 
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APPENDIX  A:  SWAY  BOLT  MEASUREMENTS  AND  COLUMN  BENDING  MOMENTS 
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Figure  Al.  Individual  sway  bolt  load  measurements  (in  kips  [1000  lb], 
displacement  measurement) . 


Figure  A1  (cont'd).  Individual  sway  bolt  load  measurements  (in  kips  [1000  lb], 
*  *  load  displacement  measurement) . 


Table  Al.  Column  bending  moments 


Table  A2.  Combined  stress  factor  (analysis  of  column  halves) 


Dye _ 

Da  la  Aug  1978 
Collar 


Column 


f*  .  ||jv 


KM 

2.94 

0.15 

-353 

1.76 

0.09 

12 

0.10 

0.01 

0.25 

■a 

1.79 

0.09 

-319 

1.59 

0.08 

405 

3.46 

0.17 

0.34 

m 

2.94 

0.15 

237 

1.18 

0.06 

-1100 

9.41 

0.47 

0.68 

A4 

2.13 

0.11 

36) 

1.83 

0.09 

-379 

3.24 

0.16 

0.36 

N  1 

2.13 

0.11 

-867 

4.32 

0.22 

456 

3.90 

0.11 

0.53 

N2 

2.20 

0.11 

-89 

0.44 

0.02 

261 

2.23 

0.22 

0.35 

N3 

2.60 

0.13 

566 

2.82 

0.14 

-913 

7.81 

0.39 

0.66 

N4 

2.40 

0.12 

1132 

5.64 

0.28 

901 

7.71 

0.39 

0.72 

P  =  Axial  load  (kips) 

A  *  Column  cross  sect  innal  wee  1167  in*) 
fa  =  Axial  stress  (ksi) 
f|,x  «  Bernliny  stress  across  column  rows 

(ksi)  f 

f|,y  =  Rending  stiess  along  column  rows 
(ksi) 

f -  Allownhlo  axial  stress  walls  no  bending 
stiess  (20  ksi) 


VIEWING  DIRECTION 


A4  N4 


0.49  Ave. 


F|)  »  Allowable  bending  stress  with  no  axial  stress 
(20  ksi) 

Mxk  *  Rending  moment  across  column  rows  (It  ki|ts) 
Myy  -  Bending  moment  along  column  rows  (It  kips) 
SKX  *  Section  modulus  across  column  rows  (2410  in.*) 
Syy  =  Section  modrtlui  along  column  tows  (1409  in.3) 

Clockwise  moments  are  positive. 
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Figure  A2  (cont'd). 


Table  A3.  Column  bending  moments. 


OVE  3 
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Oate  Jun  1981 

North«»at 

At 

Nl 

LEVEL  T  COLUMN 


Viewinq  direction:  Northwest 

A1  A2  A3  A4  Nl  N2  N3  N4 

.  (level  imnediately 
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-373 

-129 

256 

65 

390 

-472 

84 

-150 

2 

290 

304 
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1206 
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-17 

-409 

3 

1490 
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484 

-221 

2476 
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-356 

-576 

Base  of  column 
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1219 

-97 

-418 

1536 

24 

-1201 

277 

(without  roller  devices) 

2122 

1367 

54 

-418 
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10 

-1190 

388 

Viewinq  direction: 

(level  immediately 

1  beneath  building) 

-656 
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-81 

143 
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696 
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2 
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-326 
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3 
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-479 
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19 
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- - - 1 _ I _ 
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19 
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1147 
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Clockwise  moments  are  positive 
Moments  are  in  ft-kips 
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Table  A5.  Column  bending  moments. 
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3 

-bS 

Date 

8/4/82 

Bo rt heist 

At 
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LEVEL  T  lonw-i  COLUMN 


Vlewlnq  direction:  Northwest 
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2 
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3 
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|  Viewing  direction:  Northeast 
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3 
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-542.8 
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-631.8 

_ 

Clockwise  moments  are  positive 
Moments  are  In  ft-klps 
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Northwest 


1983  Measurements 


Figure  A4.  Individual  sway  bolt  load  measurements  (in  kips  [1000  lb]) 
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0.10 

-2010 

8.60 

0.43 

0.64 

N2 

2.22 

0.11 

-1067 

2.66 

0.13 

420 

1.80 

0.09 

0.33 

N3 

2.60 

0.13 

-1554 

3.87 

0.19 

-774 

3.31 

0.17 

0.49 

N4 

2.40 

0.12 

-1303 

3.24 

0.16 

-589 

2.52 

0.13 

0.41 

P  »  Axial  load  (kips) 

A  -  Column  crosssectkmal  area  (168  in.2) 

*,  *  Axial  strati  (kti) 
fbx  -  Banding  stress  across  column  rows 
(ksi) 

fby  -  Banding  stress  along  column  rows 
(ksi) 

F,  -  Allowable  axial  stress  with  no  bending 
stress  (20  ksi) 


VIEWING  DIRECTION 


A4  N4 


0.53  Ave. 


Fb  ■  Allowable  bending  stress  with  no  axial  stress 
(20  kti) 

Mxx  -  Full  column  bending  moment  across  column 
rows  (ft-kips) 

•  Full  column  bending  moment  along  column 
rows  (ft-kips) 

Sxx  -  Section  modulus  across  column  rows  (2410  in.1) 
Syy  -  Section  modulus  along  column  rows  (1403  in.3 ) 
Clockwise  moments  are  positive. 


Northwest 


Untoaloncod  Load 

Truttoto*  1551 1  —  131.  I>  ( 

Unbalanced  Lood 

Unbalanced  Load 


(13.1)  (32.T)-*-  (04.4) 

Untool ancad  Load 


Figure  B2  (cont'd).  1981  (values  in  parenthe 
aes  were  aeasured  without  friction-reducing 
devices). 


